
PUNCTURE DISCHARGES I N  SURFACE DIELECTRICS AS 
CONTAMINANT SOURCES IN SPACECRAFT ENVIRONMENTS+ 

E. J. Yadlowsky, R. C. Hazelton, and R. J. Church i l l  
Colorado S t a t e  Univers i ty  
For t  Co l l in s ,  CO 80523 

ABSTRACT 

Spacecraf t  i n  geosynchronous o r b i t s  are known t o  become charged t o  

l a r g e  nega t ive  p o t e n t i a l s  during t h e  l o c a l  midnight r eg ion  of  t h e  

s a t e l l i t e  o r b i t .  

which can cause e l e c t r i c a l  i n t e r f e r e n c e  wi th  on-board e l e c t r o n i c  sys- 

tems. 

spacec ra f t  s enso r s  and thermal c o n t r o l  s u r f a c e s  because of t h e  t r a n s p o r t  

of charged and uncharged d ischarge  products  from t h e  s i t e  of t h e  elec- 

t r i ca l  d ischarge .  Such d ischarges  have been s tud ied  i n  t h e  p re sen t  work 

by t h e  e l e c t r o n  beam i r r a d i a t i o n  of d i e l e c t r i c  samples i n  a vacuum 

environment. In  a d d i t i o n  t o  s t a t i c  measurements and photographic 

examination of t h e  puncture d ischarges  i n  t h e  Teflon samples, t h e  

t r a n s i e n t  c h a r a c t e r i s t i c s  of t he  e l e c t r i c a l  d i scharges  are determined 

f r o m  osc i l lographs  of vo l tage  and cu r ren t  and by charged par t ic le  meas- 

urements employing a b iased  Faraday cup and a r e t a r d i n g  p o t e n t i a l  

ana lyzer .  

d i s t r i b u t i o n s  of charged p a r t i c l e s  have ind ica t ed  an  i n i t i a l  b u r s t  of 

high energy e l e c t r o n s  (5 x 

This  s u r f a c e  charging r e s u l t s  i n  electrical  d i scha rges  

The didcharges a l s o  c o n s t i t u t e  a source of contaminat ion f o r  

Using t h e s e  l a t te r  techniques,  s t u d i e s  of angular  and energy 

per d i scharge  a t  ene rg ie s  g r e a t e r  than  

-k Sponsorcrd by NASA Crant No. NSC13145. 
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3000 eV) followed by a less i n t e n s e  b u r s t  of lower energy nega t ive  

particles.  

i n i t i a l  high v e l o c i t y  b u r s t  followed by a lower v e l o c i t y  b u r s t  

t e n t a t i v e l y  i d e n t i f i e d  as carbon. The f a c t  t h a t  t h e s e  p a r t i c l e s  are 

measured some 15 cm from t h e  d ischarge  s i t e  d rama t i ca l ly  i n d i c a t e s  t h e  

e x t e n t  t o  which t h e  d ischarge  c o n s t i t u e n t s  may contaminate t h e  

satel l i te  environment w i t h  p a r t i c u l a t e  depos i t i on  and r a d i o  frequency 

n o i s e  s i g n a l s .  

P o s i t i v e  ions  are emi t ted  from the  d ischarge  s i t e  i n  an  
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1.0 INTRODUCTION 

The occurrence of e lectr ical  d ischarges  on t h e  s u r f a c e s  of 

satel l i tes  which pene t r a t e  t h e  magnetospheric plasmas is  now recognized 

by s p a c e c r a f t  des igners  as a technologica l  problem of n o t  i n s i g n i f i c a n t  

d i f f i c u l t y .  For example, t h e  ATS-5 and ATS-6 satel l i te  da ta  revealed 

t h e  ex i s t ence  of p a r t i c l e  f l u x e s  which cause nega t ive  s u r f a c e  p o t e n t i a l s  

as  high as 20 kV. The spacec ra f t  charging phenomena and t h e  r e s u l t a n t  

d e l e t e r i o u s  e f f e c t s  are descr ibed i n  a number of pub l i ca t ions  and 

r e p o r t s  . 1- 3 

Under a research  g ran t  from NASA (NSG-3145) Colorado S t a t e  Uni- 

v e r s i t y  has  undertaken a program wherein t h e  s p a c e c r a f t  charging phen- 

omenon is s imulated i n  a labora tory  vacuum chamber by i r r a d i a t i n g  

s u i t a b l e  d i e l e c t r i c  t a r g e t s  wi th  a n  e l e c t r o n  beam ope ra t ing  a t  accel- 

e r a t i n g  p o t e n t i a l s  from 0-34 kV. A c i r c u l a r  Tef lon  sample is  mounted on 

an annular  r i n g  and is  enclosed by a grounded aluminum box whose en t r ance  

a p e r t u r e  a s s u r e s  t h a t  t h e  edges of t he  Teflon sample are no t  d i r e c t l y  

i r r a d i a t e d  by t h e  e l e c t r o n  beam. This  arrangement f a c i l i t a t e s  t h e  

s tudy  of par t ic le  emission and material damage on both t h e  f r o n t  and 

1. Spacecraf t  Charging by Magnetospheric Plasmas, (Progress  i n  
Ast ronaut ics  and Aeronaut ics ,  Vol. 47) A.  Rosen, ed., 
Cambridge, Mass., MIT P res s  (1976). 

2. Proceedings of t h e  Spacecraf t  Charging Technology Conference, 
eds.  C. P. Pike and R. R. Lovel l ,  A i r  Force Geophysics 
Laboratory (1977). 

"Space Radia t ion  E f f e c t s  (Session D of t h e  Annual Conference on 
Nuclear and Space Radia t ion  Ef fec t s , "  IEEE Transac t ions  on 
Nuclear Science,  NS-24 (No. 6):2244-2304 (1977). 

3. 
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back s u r f a c e s  of t h e  Teflon sample. Measurements are made of e l e c t r o n  

beam charging c u r r e n t ,  charging time, and su r face  v o l t a g e  under s ta t ic  

cond i t ions  wh i l e  o sc i l l og raphs  i n  conjunct ion wi th  t r a n s i e n t  c u r r e n t  

probes,  f a s t  response p o t e n t i a l  d i v i d e r s ,  loop antennas,  photomul t ip l ie rs  

and charged p a r t i c l e  d e t e c t o r s  record the  t r a n s i e n t  n a t u r e  of t h e  

e lec t r ica l  d ischarges .  The phys ica l  appearance of t h e  self-luminous 

e l e c t r i c a l  d i scharges  is recorded wi th  t ime-integrated photography, and 

t h e  r e s u l t a n t  damage t o  the  d i e l e c t r i c  s u r f a c e  as w e l l  as t h e  si tes of 

d i scharge  punctures  through t h e  d i e l e c t r i c  l a y e r  are examined by means 

of scanning e l e c t r o n  beam micrographs. The charged p a r t i c l e s  emanating 

from the  s i t e  of t h e  puncture-type d ischarges  have been measured with 

b iased  Faraday cups and r e t a r d i n g  p o t e n t i a l  ana lyze r s .  
1 

The most prominent damage f e a t u r e  revea led  by t h e  photographs is 

t h e  e x i s t e n c e  of c r a t e r - l i k e  punctures ,  some 0.06 mm i n  diameter ,  through 

t h e  Teflon l a y e r  from t h e  f r o n t  s u r f a c e  t o  t h e  s i lver  l a y e r  which c o a t s  

t h e  back s u r f a c e  of t h e  sample. Puncture-type breakdowns occur i n  one 

m i l  Tef lon samples a t  an e l e c t r o n  beam v o l t a g e  of 10 kV, whereas 3 m i l  

Tef lon  samples break down a t  a 24 kV e l e c t r o n  beam vo l t age .  These 

va lues  are t o  be  compared wi th  t h e  10-20 kV negat ive  p o t e n t i a l s  t o  

which s p a c e c r a f t  s u r f a c e s  become charged. 

Pre l iminary  r e s u l t s  i n d i c a t e  t h a t  both e l e c t r o n s  and p o s i t i v e  ions  

are emi t ted  from t h e  e lec t r ica l  d ischarge  and t h a t  s i g n i f i c a n t  q u a n t i t i e s  

of hea ted  Teflon are t r anspor t ed  from t h e  d ischarge  s i t e  t o  t h e  nearby 

d i e l e c t r i c  su r faces .  Angular and energy d i s t r i b u t i o n s  of charged par- 
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t i c l e s  have ind ica t ed  an i n i t i a l  b u r s t  of high energy e l e c t r o n s  w i t h  

energ ies  i n  excess  of 3000 e V  and 'L 5 x 

e l e c t r i c a l  d i scharge .  This  is followed some 5 psec la ter  by a less 

in t ense  b u r s t  o f  lower energy (< 85 eV)  nega t ive  p a r t i c l e s .  P o s i t i v e  

ions  are a l s o  emi t ted  from the  d ischarge  s i t e  i n  an i n i t i a l  high 

v e l o c i t y  b u r s t  followed by a lower v e l o c i t y  b u r s t  of ions  t e n t a t i v e l y  

i d e n t i f i e d  as carbon. 

e l e c t r o n s  emi t ted  per  

I n  t h e  remainder of t h i s  paper t he  experimental  system is d i s -  

cussed b r i e f l y .  This  is followed by a d e s c r i p t i o n  of t h e  experimental  

techniques and condi t ions  of p a r t i c u l a r  i n t e r e s t  i n  t h e  area of space- 

c r a f t  contamination. Resu l t s  are given f o r  puncture d ischarges  and a 

wide range of charged p a r t i c l e  emissions.  

s e v e r a l  p o t e n t i a l  s p a c e c r a f t  contaminants is  made. 

Ten ta t ive  i d e n t i f i c a t i o n  of 

2.0 EXPERIMENTAL SYSTEM 

The s p a c e c r a f t  charging phenomenon is simulated i n  a vacuum chamber 

by i r r a d i a t i n g  a d i e l e c t r i c  t a r g e t  w i th  a high-energy e l e c t r o n  beam. 

It is convenient t o  d i scuss  the  t o t a l  system r e l a t i v e  t o  t h e  schematic  

diagram shown i n  Fig. 1. 

The s imula t ion  chamber c o n s i s t s  of a 30 cm diameter c y l i n d i c a l  

g l a s s  tube about 1 meter i n  length .  Four c y l i n d r i c a l  p o r t s  15 c m  i n  

diameter loca ted  a t  t h e  c e n t r a l  s e c t i o n  of t h e  tube provide o u t l e t s  f o r  

vacuum p o r t s ,  i n t roduc t ion  of e l e c t r i c a l  and photographic measurement 

s y s t e m s  and t h e  i n s t a l l a t i o n  of t a r g e t  assemblies .  The e l e c t r o n  beam 
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gun i s  loca ted  a t  one end of t he  30 cm diameter  cy l inde r  and genera tes  

an a x i a l  e l e c t r o n  beam t o  t h e  cen t r a l ly - loca ted  t a r g e t  area. Base 

p res su res  of 10 

pump system. 

-7 Torr are poss ib l e  using a 10 c m  diameter  o i l  d i f f u s i o n  

To s imula te  t h e  spacec ra f t  charging t h e  d i e l e c t r i c  t a r g e t s  are bom- 

barded wi th  a mono-energetic e l e c t r o n  beam having an a c c e l e r a t i o n  poten- 

t i a l  from 0 t o  34 kV and a beam cur ren t  d e n s i t y  a t  t h e  t a r g e t  l o c a t i o n  

of 0-5 n A / c m  . 
heated f i lament  and a grounded, s p h e r i c a l  a c c e l e r a t i n g  g r i d .  Beam 

forming e l ec t rodes  and t h e  cathode are nega t ive ly  b i a sed  wi th  r e s p e c t  t o  

t h e  grounded a c c e l e r a t i n g  e l ec t rode .  Uniformity of t h e  e l e c t r o n  beam 

over t h e  t a r g e t  area is about 25% f o r  a 10 c m  diameter  t a r g e t  l oca t ed  

50 c m  from t h e  e l e c t r o n  beam gun. 

2 The d ive rgen t  e l e c t r o n  beam is generated by a d i r e c t l y -  

The silver-backed d i e l e c t r i c s  used i n  t h e  i r r a d i a t i o n  process  are 

mounted on va r ious  t a r g e t  assemblies  a t  t h e  c e n t e r  of t h e  four-port  

reg ion  of t h e  s imula t ion  chamber so  as t o  have t h e  d i e l e c t r i c  f r o n t  

s u r f a c e  of t he  t a r g e t  a t  r i g h t  angles  t o  the  a x i s  of t h e  e l e c t r o n  beam. 

The s a m p l e  Fs suppor ted  by an annular  aluminum r i n g  providing e l e c t r i c a l  

contac t  t o  t h e  s i lver-backed Teflon sample through conducting p a i n t .  

Some 10 cm of t h e  t a r g e t  diameter are unobstructed from f r o n t  and back 

s o  t h a t  observa t ions  may be  r e a d i l y  made. The e n t i r e  sample holder  is 

placed w i t h i n  but  e l e c t r i c a l l y  in su la t ed  from a grounded enc losure  

conta in ing  an  a p e r t u r e  through which t h e  sample is i r r a d i a t e d .  By means 

of t h i s  arrangement, t h e  sample edges are no t  i r r a d i a t e d  d i r e c t l y  by 
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the  e l ec t ron  beam thus f a c i l i t a t i n g  breakdown s tud ie s  not dominated by 

edge e f f e c t s .  Provis ions are made t o  a t t a c h  p o t e n t i a l  d iv ide r s  t o  t h e  

back of the  sample, and t o  i n s e r t  cur ren t  probes, e lectrometers ,  and 

Rogowski c o i l s  i n  the  sample cur ren t  paths  t o  ground. 

of t he  sample i s  v i s i b l e  f o r  inspec t ion  and photographic measurements. 

The f r o n t  sur face  

During the  process of charging the  t a r g e t  sur faces ,  measurements 

are made of e l ec t ron  beam acce le ra t ing  p o t e n t i a l  using a high impedance 

vol tmeter ,  e l ec t ron  beam curren t  magnitude and d i s t r i b u t i o n  over t he  

t a r g e t  area u t i l i z i n g  a rake of f i v e  plane cur ren t  probes wi th  e l ec t ro -  

meters and cha r t  recorder ,  and sample charging cu r ren t  employing an 

electrometer  and cha r t  recorder  system. 

time to e lec t r ica l  breakdown are recorded t o  provide a means of es t imat ing ' 
t he  p o t e n t i a l  t o  which the  t a r g e t  su r f ace  has  become charged p r i o r  t o  

breakdown. 

T ime  dura t ion  of charging and 

During the  e l e c t r i c a l  discharges which occur a t  t he  d i e l e c t r i c  tar- 

g e t s ,  s h o r t  time-duration vol tage  and cur ren t  t r a n s i e n t s  are assoc ia ted  

with the  e l e c t r i c a l  breakdown. The t r a n s i e n t  vo l t ages  assoc ia ted  with 
I 

t he  e l e c t r i c a l  discharge are measured with a capac i t i ve  p o t e n t i a l  di-  

v i d e r .  Current t r a n s i e n t s  are measured by a Tektronix CT-1 cu r ren t  

probe. Both vo l t age  and cu r ren t  t r a n s i e n t s  are fed  through coaxia l  

vacuum-sealed connectors and recorded on a Tektronix 556 osci l loscope.  

A s e r i e s  of loop antennas 3 cm i n  diameter and an e l e c t r o n i c  event 

counter are used t o  record e l e c t r i c a l  s i g n a l s  a t  var ious  poin ts  near 

t he  d i e l e c t r i c  t a r g e t  during the  discharge occurrence. 1 
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A system of m i r r o r s  and viewing p o r t s  permi ts  t ime-integrated 

photographs of t h e  self-luminous electrical d ischarges  t o  b e  taken. The 

r e s u l t a n t  photographs of t h e  d ischarge  pa th  along t h e  sample s u r f a c e  and 

t h e  c e n t r a l  s i te  of t h e  d ischarge  are c o r r e l a t e d  wi th  scanning e l e c t r o n  

microscope s t u d i e s  of material damage. 

Charged p a r t i c l e  measurements are made using a b iased  Faraday cup 

and a r e t a r d i n g  p o t e n t i a l  ana lyzer  (RPA),  both of which are i l l u s t r a t e d  

i n  Fig. 2. 

b e  b iased  t o  c o l l e c t  e i t h e r  p o s i t i v e  o r  nega t ive  p a r t i c l e s  through a 

g r i d  a p e r t u r e  of 2.5 cm. The output  cu r ren t  of t h e  c o l l e c t o r  is shunted 

t o  ground through a 50 ohm load and t h e  r e s u l t i n g  v o l t a g e  measured wi th  

a Tektronix 556 osc i l l o scope .  

The Faraday cup c o n s i s t s  of a sh i e lded  c o l l e c t o r  which can 

The r e t a r d i n g  p o t e n t i a l  analyzer  used f o r  t h e  measurement of 

emit ted p a r t i c l e s ,  c o n s i s t s  of a p a r t i c l e  c o l l e c t o r  p l a t e  and two 

independently b i a s a b l e  g r i d s  enclosed i n  a grounded s h i e l d  wi th  an  input  

a p e r t u r e  of 1 .2  cm.  For t h e  measurement of p o s i t i v e  p a r t i c l e s  t h e  

c o l l e c t o r  i s  b iased  a t  -9 V t o  cap tu re  t h e  p o s i t i v e  p a r t i c l e s  which pass  

through the g r i d s .  G r i d  G 2 ,  the suppressor g r i d ,  is biased at -800 V 

t o  prevent secondary e l e c t r o n  emission from the  c o l l e c t o r  s u r f a c e  which 

would g ive  rise t o  erroneous measurements of p o s i t i v e  p a r t i c l e s .  The 

f i r s t  g r i d  is then b iased  p o s i t i v e l y  de f in ing  a th re sho ld  energy f o r  t h e  

incoming p a r t i c l e s .  By varying the  b i a s  on t h e  f i r s t  g r i d  t h e  energy 

spectrum of t h e  incoming ions  can be measured. 
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The output  of t h e  c o l l e c t o r  is  measured i n  a manner i d e n t i c a l  t o  

t h a t  used wi th  t h e  Faraday cup. A temporally-resolved p a r t i c l e  f l u x  

i s  thereby der ived and p a r t i c l e  t r a n s i t  times and t o t a l  p a r t i c l e  emissions 

are determined. 

With the  c o l l e c t o r  biased t o  + 9 V, t h e  second g r i d  grounded, and 

t h e  f i r s t  g r i d  biased nega t ive ly ,  similar measurements are made f o r  

nega t ive  p a r t i c l e s .  I n  a l l  cases t h e  t r u e  amplitudes of t h e  i n c i d e n t  

p a r t i c l e s  a r e  der ived  by mul t ip ly ing  the  measured s i g n a l  by t h e  weight ing 

f a c t o r  of 1.8 which accounts f o r  g r i d  a t t e n u a t i o n .  The d i s t r i b u t i o n  of 

par t ic le  ene rg ie s  is  obtained from the  measured dependence of c o l l e c t o r  

cu r ren t  on r e t a r d i n g  g r i d  vo l t age  by d i f f e r e n t i a t i o n  wi th  r e s p e c t  t o  

g r i d  vo l t age  . 
For t h e  angular  measurements presented he re in ,  t h e  probes were 

configured as  shown i n  Fig.  3 .  

a x i s  t o  a l low observa t ion  of normally emit ted par t ic les  without  t h e  

d e t e c t o r  i n t e r f e r i n g  wi th  t h e  beam. 

ang le  of 40" below the  sample center l i n e  and 9.5 cm from t h e  sample 

su r face  whi le  t h e  RPA can p ivot  about t h e  sample 1 5  c m  from t h e  c e n t e r .  

The RPA has  an  angular  r e s o l u t i o n  of 3" assuming a p o i n t  d i scha rge  a t  

t h e  t a r g e t  su r f ace .  

The sample is set a t  'L 40" t o  t h e  beam 

The Faraday cup is set  a t  a f i x e d  

3.0 MEASUREMENT TECHNIQUES AND RESULTS 

In  t h i s  s e c t i o n  resul ts  are f i r s t  given f o r  t h e  area of Puncture  

Discharges and Mate r i a l  Damage. This  is followed by a somewhat d e t a i l e d  

i 
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t reatment  of Charge P a r t i c l e  Emission from t h e  si tes of  t h e  

e lec t r ica l  d ischarges .  

3.1 PUNCTURE DISCHARGES AND MATERIAL DAMAGE 

Material damage on the  i r r a d i a t e d  d i e l e c t r i c  s u r f a c e  fol lowing an 

e l e c t r i c a l  d i scharge  has  been s tud ied  us ing  an  o p t i c a l  microscope and a 

scanning e l e c t r o n  beam microscope (SEM). The o p t i c a l  microscope r e v e a l s  

information about  sub-surface damage as w e l l  as s u r f a c e  damage wh i l e  t h e  

SEM is used f o r  high r e s o l u t i o n  s u r f a c e  s t u d i e s .  The photographs i n  

Fig.  4 reveal a h o l e  through the  d i e l e c t r i c  material t o  t h e  grounded 

s i l v e r  backing r e s u l t i n g  from the  d ischarge  cu r ren t  flow. I n  a d d i t i o n ,  

t h i s  microscopic i n v e s t i g a t i o n  r e v e a l s  t h e  ex i s t ence  of f i lamentary  

s u r f a c e  t r a c k s  which te rmina te  a t  the  ho le s  as i n  Fig.  4a and 4b. These 

material damage t r a c k s  are similar i n  form and appearance t o  luminous 

Lichtenberg streamers observed on t h e  s u r f a c e  dur ing  t h e  d ischarge  

al though no d i r e c t  comparison has  been made. 

appear  t o  be t h e  r e s u l t s  of c u r r e n t s  which flow through t h e  Teflon 

p a r a l l e l  t o  t h e  s u r f a c e  when t h e  sample is discharged.  

recombination i n  the  c u r r e n t  channels are accompanied by l i g h t  emission 

which g ives  r i s e  t o  t h e  luminous Lichtenberg p a t t e r n s .  

d i scharg ing  the  sample by c u r r e n t s  flowing underneath t h e  sample s u r f a c e  

is  c o n s i s t e n t  wi th  puncture s i tes  where f i lamentary  material damage has  

occurred as i n  Fig. 4a and 4b. A t  o t h e r  sites as  shown i n  Fig.  4c, 

where t h e r e  is  no evidence of cu r ren t  channels near t h e  puncture  s i te ,  

The t r a c k s  i n  t h e  Teflon 

I o n i z a t i o n  and 

The process  of 
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a. O p t i c a l  micrograph showing 
subsu r face  f i l a m e n t a r y  
s t r u c t u r e .  (100 X) 

b. Scanning e l e c t r o n  micrograph 
of breakdown shown i n  4a. 
(250 X) 

c. Scanning e l e c t r o n  micrograph 
of non-filamentary breakdown 
from Teflon s i d e .  (300 X) 

d. Scanning e l e c t r o n  micrograph 
of damage t o  s i l v e r  s i d e .  
(300 X) 

F igu re  4. 3 m i l  s i lver-backed Teflon sample  i r r a d i a t e d  a t  26 kV wi th  
a beam c u r r e n t  d e n s i t y  of 'L 1 n A / c m  . 2 
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discharge  of t h e  sample  occurs  by o the r  processes  having d i f f e r e n t  

e l e c t r i c a l  pa ths .  

The micro photographs of t he  d ischarge  sites d rama t i ca l ly  demon- 

s t ra te  t h e  material damage r e s u l t i n g  from the  d ischarges  on t h e  sample. 

It is  evident  t h a t  the  energy i n  the  cu r ren t  channel i s  s u f f i c i e n t  t o  

rup tu re  t h e  channel as i n  Fig.  4b and t o  e j e c t  molten Teflon from t h e  

puncture s i t e .  I n  a d d i t i o n ,  t he re  i s  apprec iab le  s i l v e r  l o s s  from the  

grounded s i l v e r  backing as seen i n  Fig.  4d as w e l l  as ex tens ive  melt ing 

and e j e c t i o n  of material from the  d ischarge  sites. 

from t h e  d ischarge  s i t e s  i n  the  form of molten material and charged 

p a r t i c l e s  is a source of contamination of t h e  spacecraft .  and its environ- 

ment. 

The material e j e c t e d  

3.2 CHARGED PARTICLE EMISSION 

3.2.1 Measurement Normalization 

A c o r r e l a t i o n  technique has  been used t o  compensate f o r  v a r i a t i o n s  

i n  d ischarge  c h a r a c t e r i s t i c s  when measuring e i t h e r  t h e  d i s t r i b u t i o n  of 

p a r t i c l e  ene rg ie s  o r  t h e  angular  d i s t r i b u t i o n  of emi t ted  p a r t i c l e s  

because the  e n t i r e  d i s t r i b u t i o n  cannot be  measured dur ing  one d ischarge  

event .  I n  t h i s  approach, t he  Faraday cup wi th  f ixed  b i a s  and l o c a t i o n  

s e r v e s  as  a monitor used t o  normalize t h e  r e t a r d i n g  p o t e n t i a l  ana lyzer  

s i g n a l .  This  a l lows changes i n  the  RPA s i g n a l  l e v e l s  a s soc ia t ed  wi th  

changes i n  angle  o r  energy d i s t r i b u t i o n  t o  be d i s t ingu i shed  from 

v a r i a t i o n s  i n  d ischarge  c h a r a c t e r i s t i c .  Th i s  procedure a l lows  t h e  
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r e s u l t s  of c e r t a i n  even t s  t o  be d iscarded  i f  a s i g n i f i c a n t  depa r tu re  

of t h e  s i g n a t u r e  on t h e  monitor d e t e c t o r  i s  noted. Since t h e  normalized 

procedure does not  remove v a r i a t i o n  between d i f f e r e n t  measurements f o r  

f i x e d  RPA parameters, a n  average  of t h r e e  o r  more normalized even t s  is  

used t o  improve t h e  measurement s ta t is t ics .  

3 . 2 . 2  Negative P a r t i c l e s  

Using t h e  p a r t i c l e  d e t e c t i o n  techniques  prev ious ly  o u t l i n e d ,  t h e  

t i m e  h i s t o r i e s  of t h e  p o s i t i v e  and nega t ive  emi t ted  p a r t i c l e s  were 

recorded.  Traces of t h e  nega t ive  p a r t i c l e s  and p o s i t i v e  p a r t i c l e s  are 

shown i n  Fig.  5a and 5b, r e s p e c t i v e l y .  The nega t ive  trace c o n s i s t s  of 

an  e a r l y  s p i k e  followed by a much lower ampli tude broader  pulse .  

e a r l y  pu l se  of f a s t  e l e c t r o n s  is  c o n s i s t e n t l y  p r e s e n t  f o r  each d ischarge  

wh i l e  t h e  la ter  p u l s e  is  p resen t  on ly  occas iona l ly .  The o r i g i n  of t h e s e  

s i g n a l s  can b e  d i r e c t l y  a s c r i b e d  t o  t h e  c o l l e c t i o n  of p a r t i c l e s  because 

t h e  s i g n a l s  are absen t  i f  t h e  d e t e c t o r  is  r o t a t e d  t o  a p o s i t i o n  behind 

t h e  sample. Also, t h e  s i g n a l  a t t r i b u t e d  t o  p o s i t i v e  p a r t i c l e s  on the  

RPA can be made t o  van i sh  by applying s u f f i c i e n t l y  p o s i t i v e  b i a s e s  t o  

t h e  r e t a r d i n g  energy g r i d  G1 

s t i l l  de tec t ed  on t h e  a p p r o p r i a t e l y  b i a sed  Faraday cup. 

The 

i n  F ig .  2 whi le  p o s i t i v e  p a r t i c l e s  are  

The energy of t h e  e a r l y  pu l se  of e l e c t r o n s  i s  measured t o  be i n  

excess  of 3 KeV s i n c e  a r e t a r d i n g  p o t e n t i a l  of t h i s  v a l u e  d i d  not  s i g -  

n i f i c a n t l y  a t t e n u a t e  t h e  co l lec to l -  c b r r e n t .  

e l e c t r o n  e n e r g i e s  w a s  no t  p o s s i b l e  s i n c e  breakdowns i n  t h e  RPA c i r c u i t r y 1  

A de te rmina t ion  of t h e  
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Figure 5 .  0sci l . loscope Traces of Faraday Cup Current: 

a)  

b )  

Filraday cup biased to  c o l l e c t  negative p a r t i c l e s  

Faraday cup biased t o  c o l l e c t  pos i t ive  p a r t i c l e s .  
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prevented a p p l i c a t i o n s  of vo l t ages  i n  excess of 3 kV. 

t h e  later pu l se  of  nega t ive  p a r t i c l e s  is est imated t o  be less than 85 e V  

s i n c e  t h e  a p p l i c a t i o n  t o  the  Faraday cup of a r e t a r d i n g  vo l t age  of t h i s  

magnitude e f f e c t i v e l y  eliminates t h i s  component from t h e  p a r t i c l e  f l u x .  

The angular  d i s t r i b u t i o n  of t h e  e a r l y  p u l s e  of e l e c t r o n s  w a s  measured 

The energy of 

w i t h  t h e  RPA b ia sed  t o  c o l l e c t  a l l  nega t ive  p a r t i c l e s  and t h e  r e s u l t s  

are d isp layed  i n  Fig.  6. This d i s t r i b u t i o n  is  s t r o n g l y  peaked i n  the  

d i r e c t i o n  normal t o  the  sample su r face ,  wi th  v i r t u a l l y  no p a r t i c l e s  

being observed beyond 45". 

func t ion ,  t h e  t o t a l  number of  p a r t i c l e s  emi t ted  i n  a given d ischarge  can 

be  determined by measuring t h e  f l u x  emi t ted  a t  0" and i n t e g r a t i n g  over 

t h e  hemisphere through which the  p a r t i c l e s  are emit ted.  Doing so g ives  

1-5 x 1013 f a s t  e l e c t r o n s  emit ted during a d ischarge .  

Using t h i s  d i s t r i b u t i o n  as a weighting I 
, 

1 

3 . 2 . 3  P o s i t i v e  Ions  

I n v e s t i g a t i o n s  of t h e  la ter  p o s i t i v e  i o n  pulse  reveal a decrease  

i n  i n t e n s i t y  of emi t ted  p a r t i c l e s  as the  number of d ischarge  events  

i nc reases .  There is  a l s o  a tendency f o r  t h e  p u l s e  t o  disappear  a f t e r  a 

l a r g e  number of events .  As a r e s u l t ,  measurements of t h e  p a r t i c l e  energy 

and angular  d i s t r i b u t i o n s  inco rpora t e  a sys t ema t i c  change i n  cha rac t e r  

due t o  repea ted  breakdowns t h a t  cannot be accounted f o r  by averaging 

a l a r g e  number of events .  

T h e  d i s t r i b u t i o n  of p a r t i c  le ene rg ie s  a s soc ia t ed  wi th  the  l a t e r  

p o s i t i v e  pu l se  has been s tud ied  immediately a f t e r  a new sample has  been 1 
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i n s t a l l e d  f o r  RPA or i en ta t ion  perpendicular t o  the  sample sur face .  

The v a r i a t i o n  i n  c o l l e c t o r  cur ren t  with r e t a rd ing  g r id  vol tage  is  

presented i n  Fig. 7 from which the  d i s t r i b u t i o n  of p a r t i c l e  energies 

f ( E )  = A e  -(E-30) - is  obtained by d i f f e r e n t i a t i o n .  

t h a t  t he  p a r t i c l e s  come off of t he  sample wi th  a minimum energy of 

30 eV. Another estimate of t he  p a r t i c l e  energies can be obtained by 

determining t h e  time of a r r i v a l  of t he  p a r t i c l e s  a t  t h e  c o l l e c t o r  from 

t h e  temporal evolution of t he  co l l ec to r  s igna l .  From the  t r a n s i t  t i m e  

and known sample-to-detector d i s tance  the  ve loc i ty ,  and hence, k i n e t i c  

energy can be determined. 

exceed a minimum energy. 

for the positive ion mass can be found if the ion is assumed to  be 

s ing ly  ionized. The va lue  of 13.3 amu so obtained is s u f f i c i e n t l y  

c l o s e  t o  t h e  atomic weight of carbon 12 t o  encourage a t e n t a t i v e  ident i -  

f i c a t i o n  of t h e  later p o s i t i v e  ion  peaks as due t o  s ing ly  ionized carbon. 

The r e s u l t s  i nd ica t e  23 

I 
The r e s u l t s  again show t h a t  a l l  t he  p a r t i c l e s  

By equating the  minimum energies,  an estimate 

The angular d i s t r i b u t i o n  of t he  later pos i t i ve  ion  pulse w a s  
I 

measured using the  procedure out l ined  above and the  r e s u l t s  are presented 

i n  Fig. 8 .  

normal t o  the  sample sur face  with a t o t a l  emission of 7 x 10l2 p a r t i c l e s  

per discharge event. 

The p a r t i c l e s  are seen t o  be emitted i n  a d i r e c t i o n  nearly 

Although no d i r e c t  measurements of energy d i s t r i b u t i o n  or  angular 

d i s t r i b u t i o n  of t h e  la ter  negative p a r t i c l e s  w a s  attempted, i t  is 

reasonable t o  assume t h a t  t he  angular d i s t r i b u t i o n  of these  p a r t i c l e s  

is similar t o  t h e  la ter  pos i t i ve  ion d i s t r i b u t i o n  i n  view of t h e  f a c t  
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t h a t  t h e  amplitude and width of t hese  pulses  are q u i t e  similar. Based 

on t h i s  assumption, the  emission of later negat ive p a r t i c l e s  is estimated 

t o  be 2, 6 x l O I 3  p a r t i c l e s  per discharge event ,  

4.0 DISCUSSION 

Material damage r e s u l t i n g  from puncture discharges is a source of 

I n  add i t ion  t o  expulsion of contamination i n  spacecraf t  environments. 

molten Teflon, emission of charged p a r t i c l e s  has  been observed. The 

high energy e l ec t rons  c o n s t i t u t e  a ne t  loss of 5 x 1013 negat ive particles 

from the  t a r g e t  per discharge event.  

t i c l e s  ( i n  excess of 3 KeV) ind ica t e  t h a t  t h e  particles are acce lera ted  

by t h e  negat ive vol tage  of the  sur face .  The presence of later pulses  

of both p o s i t i v e  and negat ive particles i n  approximately equal  numbers 

ind ica t e s  t h a t  t h e  p a r t i c l e s  leave as a plasma with the ions having 

energies  between 30 and 80 e V  with a t o t a l  emission of 

per  discharge event.  

The l a r g e  energ ies  of these  par- 

p a r t i c l e s  

The redepos i t ion  of the  molten Teflon can a f f e c t  performance of 

nearby s o l a r  panels  and o ther  s e n s i t i v e  sur faces .  Although no d i r e c t  

emission of s i l v e r  has been detected to  da t e ,  t h e  l o s s  of s i l v e r  from 

the  back sur face  of t he  thermal con t ro l  sur faces  i n d i c a t e s  the  presence 

of s i l v e r  redepos i t ion  on adjacent  sur faces .  The high energy e l ec t rons  

are expected t o  leave  the  nega t ive ly  charged spacecraf t  and i t s  

immediate environment. The later pulses  of pos i t i ve  ions  and negat ive 

p a r t i c l e s  a r e  expected t o  move i n  the  electromagnet ic  f i e l d s  of t he  
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s p a c e c r a f t  poss ib ly  as a n e u t r a l  plasma and can be redepos i ted  on ad- 

j a c e n t  s u r f a c e s  and a f f e c t  t h e  response of s enso r s  on t h e  spacec ra f t .  

I n  a d d i t i o n ,  t h e  emi t t ed  p a r t i c l e s  g i v e  rise t o  electromagnet ic  d i s -  

turbances which a f f e c t  on-board ins t rumenta t ion .  

4 The r e s u l t s  tend t o  support  t h e  observa t ions  of Nanevicz and Adamo 

and Sess l e r  and West5 t h a t  e l e c t r o n s  are emit ted during a d ischarge .  

Although t h e  present  r e s u l t s  i n d i c a t e  a much narrower angular  d i s -  

t r i b u t i o n  than  r epor t ed  by Nanevicz and ~ d a m o , ~  t h i s  is not  s u r p r i s i n g  

i n  view of t h e  l a r g e  d i f f e r e n c e  i n  e l e c t r o n  p o t e n t i a l s  involved. 

Fur ther  work w i l l  be conducted on t h e  emission of charged p a r t i c l e s  

from electrical d i scha rges  on s imulated s p a c e c r a f t  s u r f a c e s  i n  order  t o  

i d e n t i f y  depos i ted  contaminants and some cons ide ra t ion  w i l l  be  given t o  

a l l e v i a t i o n  techniques.  

4 .  N .  E. Nanevicz and R. C. Adamo, "Malter Discharges as a Poss ib l e  
Mechanism Responsible f o r  Noise Pulses  Observed on Synchronous 
Orbi t  S a t e l l i t e s , "  i n  Spacecraf t  Charging by Magnetospheric 
Plasmas (Progress  i n  Ast ronaut ics  and Aeronaut ics ,  Vol. 4 7 )  
A. Rosen, ed. ,  Cambridge, Mass., MIT Press :  247-261 (1976). 

B. Gross, G.  M. S e s s l e r  and J. E. West, "Radiation Hardening 
and Pressure-Actuated Charge Release of Elec t ron- I r rad ia ted  
Teflon E l e c t r e t s , "  Appl. Phys. L e t t .  24 (NO. 8) : 351-353 (1974 
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